G protein-activated inwardly rectifying potassium (GIRK) channels mediate slow synaptic inhibition and control neuronal excitability. It is unknown whether GIRK channels are subject to regulation by guanine dissociation inhibitor (GDI) proteins like LGN, a mammalian homolog of Drosophila Partner of Inscuteable (mPINS). Here we report that LGN increases basal GIRK current but reduces GIRK activation by metabotropic transmitter receptors coupled to Gi or Go, but not Gs. Moreover, expression of its N-terminal, TPRcontaining protein interaction domains mimics the effects of LGN in mammalian cells, probably by releasing sequestered endogenous LGN. In hippocampal neurons, expression of LGN, or LGN fragments that mimic or enhance LGN activity, hyperpolarizes the resting potential due to increased basal GIRK activity and reduces excitability. Using Lenti virus for LGN RNAi to reduce endogenous LGN levels in hippocampal neurons, we further show an essential role of LGN for maintaining basal GIRK channel activity and for harnessing neuronal excitability.
Introduction
G protein signaling plays important roles in sensory transduction and transmitter actions. Activation of G protein-coupled receptors (GPCRs) by transmitters, hormones, or sensory input stimulates the exchange of Ga-bound GDP for GTP and release of Gbg, causing activation of downstream effectors (Gilman, 1987) . Modulation of these G protein signaling pathways contributes to learning and memory, drug addiction and dependence, and many other forms of plasticity (Gainetdinov et al., 2004; Karasinska et al., 2003; Waldhoer et al., 2004; Yao et al., 2005) . It is therefore of great interest to understand how G protein signaling could be regulated.
G protein signaling regulation may involve alterations of the efficiency of G protein coupling to the receptor or the lifetime or abundance of active G protein subunits (Hamm, 1998) . For example, Regulator of G protein Signaling (RGS) regulates G protein signaling by accelerating the GTPase hydrolysis rate to shorten the lifetime of Ga-GTP (Ross and Wilkie, 2000) . Besides these proteins with GTPase Activating Protein (GAP) activity, other proteins stabilize Ga-GDP by acting as a Guanine Dissociation Inhibitor (GDI) (Willard et al., 2004) . Together with GPCRs that behave as Guanine Exchange Factor (GEF) for Ga, GAP or GDI proteins may regulate the duration and extent of signaling mediated by Ga-GTP and/or Gbg.
Unlike GPCRs and RGS proteins, it is not known how GDI proteins regulate G protein signaling in neurons. In biochemical studies, proteins containing one or more G Protein Regulatory (GPR, also known as GoLoco) motifs act as GDIs for specific Ga isoforms, compete with Gbg for binding to Ga-GDP, promote dissociation of trimeric G proteins (Kimple et al., 2002a; Natochin et al., 2002) , and interfere with GPCR association with G proteins (Ma et al., 2003; Natochin et al., 2000) . In principle, these varied activities could allow GDI proteins to reduce GPCR signaling by disrupting receptor interaction with G proteins or by inhibiting guanine nucleotide exchange. Conversely, GDI proteins could conceivably enhance GPCR signaling mediated by Gbg by increasing the lifetime and/or abundance of Gbg. It is therefore important to experimentally determine how these GDI proteins contribute to G protein signaling in the cellular context.
In Drosophila, the GDI proteins Partner of Inscuteable (PINS) (Schaefer et al., 2000) and Locomotion Defects (LOCO) (Yu et al., 2005) act synergistically in neuroblasts to release Gbg subunits, thereby ensuring asymmetric division. The mammalian homologs of these proteins are LGN (Mochizuki et al., 1996) , also known as mPINS (Sans et al., 2005) , and Activator of G protein Signaling 3 (AGS3) (Takesono et al., 1999) . These proteins contain three or four GPR motifs in the C-terminal GPR domain, seven tetratricopeptide (TPR) motifs in the N-terminal TPR domain, and a linker peptide in between; the linker as well as the TPR domain interact with other proteins (Blumer et al., 2003; Du et al., 2001; Sans et al., 2005) . Both LGN and AGS3 bind Gai more strongly than Gao, and exhibit much stronger GDI activity for Gai than Gao (Adhikari and Sprang, 2003; De Vries et al., 2000; McCudden et al., 2005; Natochin et al., 2001) . Both LGN and AGS3 are expressed in neurons, though likely in different subcellular compartments (Sans et al., 2005) ; these GDI proteins may also be subjected to different regulation (Blumer et al., 2002; Fuja et al., 2004) .
The importance of GDI proteins in neuronal signaling is exemplified by the identification of AGS3 as a gatekeeper for the behavioral manifestation of drug dependence (Kelley and Schiltz, 2004) . Whereas AGS3 expression has no detectable direct effect on GPCR-mediated activation or inhibition of adenylyl cyclase (Sato et al., 2004) , AGS3 is required for the paradoxical activation of protein kinase A (PKA) by opiates acting on Gi-coupled receptors. Indeed, AGS3 at the nucleus accumbens core plays an instrumental role in the relapse of heroinseeking behavior (Yao et al., 2005) .
The functional role of LGN in neurons is an interesting open question. In proliferating cells, LGN regulates mitotic spindle organization, analogous to the function of its Drosophila and C. elegans counterparts (Du and Macara, 2004; Du et al., 2001; Kaushik et al., 2003; Siegrist and Doe, 2005; Yu et al., 2005) . This function involves interaction of its TPR domain with its GPR domain as well as the Nuclear Mitotic Apparatus (NuMA) protein, and the ability of its GPR domain to bind Ga-GDP, apparently without the involvement of any GPCR. Whether LGN contributes to GPCR signaling has not been explored, notwithstanding the broad LGN expression in postmitotic neurons, the interesting redistribution of LGN upon activation of NMDA (N-methyl D-aspartate) receptors in hippocampal neurons (Blumer et al., 2002) , and its likely involvement in NMDA receptor trafficking due to its ability to bind the MAGUK protein SAP102 (Sans et al., 2005) . How might GDIs like LGN regulate GPCR signaling? Do they reduce GPCR coupling to G proteins and hence diminish GPCR signaling? Or do they enhance activation of Gbg effectors by stabilizing and sequestering Ga-GDP so as to prolong the action of Gbg? Could LGN regulate Go-coupled receptors?
In this study, we characterized LGN modulation of the Gbg effector, the GIRK (Kir3) channels that mediate slow synaptic inhibition in mammalian brain (Luscher et al., 1997; Slesinger et al., 1997) . We found that LGN increased basal GIRK current but reduced GPCR-induced GIRK current in expression systems such as Xenopus oocytes and HEK293 cells; these functions have been verified by RNAi-mediated knockdown of LGN endogenous to HEK293 cells. We further show that LGN modulated signaling of Go-coupled receptors as well as Gicoupled receptors, but not Gs-coupled receptors. Moreover, reducing LGN endogenous to hippocampal neurons abolished basal GIRK current and increased excitability. Whereas elevating or reducing LGN protein level had opposite effects on basal GIRK channel activity, the bidirectional effects on neuronal excitability likely involve other proteins under LGN modulation as well. Finally, expression of the TPR-containing protein interaction domains of LGN in mammalian HEK293 cells or hippocampal neurons mimics the effects of LGN and GPR, indicating that LGN may be modulated not only by self interaction (Du and Macara, 2004) but also by sequestration in the postmitotic neurons.
Results
LGN Increased Basal GIRK Current but Reduced GIRK Channel Activation via PTX-Sensitive G Protein Signaling in Xenopus Oocytes We began our study by reconstituting the basic signaling pathway from GABA B receptors to GIRK channels in Xenopus oocytes expressing Gai3, to supplement endogenous Gai1 and Gai3 and sustain GPCR-induced GIRK channel activation (Peleg et al., 2002) . Oocytes injected with cRNA for Gai3 along with GIRK1, GIRK2, GABA B R1a, and GABA B R2 yielded detectable basal GIRK current when the extracellular Low-K + solution was replaced with a High-K + solution. Subsequent introduction of 100 mM GABA generated GABA B receptorinduced current ( Figure 1A ). In contrast, oocytes expressing LGN as well as GABA B receptors and GIRK channels yielded significantly greater basal GIRK current ( Figures  1B and 1C) . LGN also elevated basal GIRK current in oocytes without overexpression of Gai3 and caused a significant reduction of GABA-induced GIRK current (Figure 1C) . LGN expression did not alter GIRK channel protein level (see Figure S1A in the Supplemental Data) or surface expression ( Figure S1B ). Thus, LGN regulates basal GIRK channel activity and, under conditions when Gai proteins are not highly expressed, may also affect GPCR-induced GIRK channel activation.
We then tested whether LGN specifically regulates GPCR signaling mediated by Gi and Go, which are both sensitive to pertussis toxin (PTX). In oocytes expressing GIRK channels, b1 adrenergic receptor, and GABA B receptor as well as PTX, GABA no longer induced GIRK current, while the adrenergic receptor agonist isoproterenol still activated GIRK channels, presumably via Gs proteins ( Figure 1D ). In the absence of PTX-sensitive G proteins, LGN had no effect ( Figure 1D ), indicating that LGN affects signaling via GPCR coupled to Gi and Go (Gi/o) but not Gs.
LGN Increased Basal GIRK Current but Reduced GIRK Channel Activation via Go-Coupled Dopamine Receptor in HEK293 Cells In vitro, LGN has a much stronger GDI effect on Gai than Gao (McCudden et al., 2005; Natochin et al., 2001) , raising the question of whether LGN could regulate Go-mediated signaling. We approached this question using a HEK293 cell line stably transfected with GIRK channels and the D 2S dopamine receptor, which is coupled to Go , and examined the effects of overexpression or siRNA knockdown of LGN. Expression of LGN or LGN tagged with the Yellow Fluorescent Protein YFP (YFP-LGN) significantly elevated basal GIRK current (Figures 2A, 2B , and 2E) without increasing GIRK channel protein level ( Figure S2 ), while siRNA knockdown of endogenous LGN significantly decreased basal GIRK current but increased dopamine-induced GIRK current ( Figure 2C) . However, the effect of LGN overexpression on dopamine-induced GIRK channel activation was mild; the only significant effect was an increase in the deactivation time constant of dopamineinduced GIRK current, from 8 6 1 s to 14 6 2 s (n = 13). Because the LGN effect could have been dampened by the Gai proteins, which are abundantly expressed but do not mediate GIRK channel activation by D 2S receptors, we treated these HEK293 cells with PTX 1 day after transient transfection with either myristoylated CFP (mCFP) as control, or mCFP fused to the PTX-resistant Gao A (mCFP-G*ao), with or without cotransfection with YFP-LGN. Recordings obtained 18 hr after the PTX treatment ( Figure 2F ) revealed that the PTX-resistant mCFP-G*ao A not only restored dopamine-induced GIRK activation but also reduced basal GIRK current, from -23.9 6 12.5 to -4.5 6 3.1 pA/pF (p < 0.05). Under this condition, YFP-LGN significantly increased basal GIRK current but reduced dopamine-induced GIRK current ( Figure 2F ), as did YFP-GPR ( Figure S3A ) ( Figure 2D ). Taken together, these experiments show that LGN in HEK293 cells regulates both basal GIRK current and Go-mediated GIRK channel activation by dopamine receptors.
LGN Interacts with Gai and Gao In Vitro and In Vivo Having found LGN regulation of Go-mediating signaling, we performed in vitro binding studies and found that Gao A associated with the fragment containing the first GPR motif (GPR1) ( Figure 2D ) as well as the C-terminal GPR domain containing all four GPR motifs (GPR), albeit at lower levels than Gai1 and Gai3 ( Figure 2G ). The binding to Gao A was weak but specific, as the addition of aluminum fluoride to produce a Ga transition state mimetic form (Mittal et al., 1996; Tesmer et al., 1997) eliminated binding. The control mutant GPRAA, containing double alanine insertions in the four GPR domains, showed no binding to these Ga isoforms ( Figure 2G ). These findings are consistent with the report that each of the GPR motifs of LGN exhibits lower affinity for Gao than Gai1 (McCudden et al., 2005) . The affinity of Gai1-GDP for immobilized GPR1 and GPR was determined by surface plasmon resonance ( Figure S3B ). Based on the equilibrium binding, the K D values of Gai1 for GPR1 and GPR are 510 6 40 nM and 390 6 30 nM, respectively. The affinities are in agreement with the range of K D values determined for LGN (McCudden et al., 2005; Natochin et al., 2001 ) and other GoLoco-containing proteins (Adhikari and Sprang, 2003; Ja and Roberts, 2004; Kimple et al., 2001) and are suggestive of approximately equivalent 1:1 binding sites with each of the GoLoco sequences present on GPR.
To look for LGN interaction with Ga isoforms in cells, we examined HEK293 cells expressing YFP-LGN together with myristoylated mCFP as control, or with mCFP fused to Gai3 or Gao A ( Figure 3A ). As expected, these myristoylated proteins were associated with the cell membrane ( Figure 3C ). Both mCFP-Gai3 and mCFP-Gao caused YFP-LGN to translocate to the cell membrane ( Figures 3A and 3D) ; the ratio of plasma membrane-associated YFP-LGN and cytosolic YFP-LGN increased from 0.60 6 0.06 to 2.80 6 0.50 or 1.80 6 0.16 (n = 6-8) upon coexpression of mCFP-Gai3 or mCFP-Gao A , consistent with previous studies (Du and Macara, 2004; Kaushik et al., 2003) .
Similar experiments with cells expressing YFP fused to the C-terminal GPR domain further confirmed that GPR associated with mCFP-Gai3 and mCFP-Gao (Figures 3B , 3E, and 3F); the ratio of plasma membraneassociated YFP-GPR and cytosolic YFP-GPR increased from 0.62 6 0.03 to 1.5 6 0.09 or 1.35 6 0.09 (n = 15-25) LGN Increases Basal GIRK Current and Decreases GABA B Receptor-Induced GIRK Current in Xenopus Oocytes (A and B) Currents recorded in Low-K + (ND96, red), High-K + solutions without (black) and then with (green) 100 mM GABA, as membrane potential from -30 mV was pulsed for 100 ms to values between -150 mV and +40 mV with 10 mV increments in oocytes expressing GIRK1/2, GABA B R1a/2 and Gai3 without (A) or with (B) LGN. As indicated on the normalized I-V curves below, I basal and I GABA were determined at -150 mV. (C) LGN increases basal GIRK current but reduces GABA-induced current in oocytes with (right) or without (left) coexpression of Gai3. (D) Basal (red), GABA-induced (green), and 4 mM isoproterenol-induced (blue) GIRK currents averaged from oocytes expressing GIRK1/2 + GABA B R1a/2 + b1AR + PTX with (right) or without LGN (left). Statistical significance was determined by one-way ANOVA followed by Dunnett test. *p < 0.001.
upon coexpression of mCFP-Gai3 or mCFP-Gao A , respectively. In contrast, YFP-TPR (data not shown) and YFP-TPRlink ( Figures 2D, 3B , 3E, and 3F) did not associate with mCFP-Gai3 or mCFP-Gao; the ratio of membrane-associated YFP-TPRlink and cytosolic YFPTPRlink remained at the low level of 0.44 6 0.02 and 0.53 6 0.03 (n = 7-12).
The association of LGN with Gai and Gao in HEK293 cells was verified in two series of FRET experiments. First, we used a Nikon inverted microscope to image cells expressing either YFP-LGN or mCFP-Gai3, determined the bleed through factors for the filter combinations used ( Figure S4 ), and then obtained the FRET signal for cells expressing both fluorescent proteins ( Figures 4A-4C ). The normalized FRET values indicated close association of both Gai3 and Gao with LGN and GPR, but not TPR or TPRlink ( Figure 4D ). As control, no significant FRET signals were observed in cells coexpressing YFP and mCFP-Ga, or YFP-GPR and either mCFP or CFP-GIRK2 ( Figures 4D-4F) . Second, using a Leica confocal microscope and the built-in FRET analysis software and confocal laser photo-bleaching LGN fragments displayed larger basal GIRK currents as shown in (E). After PTX treatment for 18 hr to eliminate endogenous Gai/o function, cells expressing mCFP fused to the PTX-resistant Gao A (mCFP-G*ao) exhibited LGN sensitivity in their basal and dopamine-induced GIRK current as illustrated in (F). Statistical significance was determined by nonpaired Student's t test for (B) and (C) or one-way ANOVA followed by Dunnett test for (E) and (F). *p < 0.05, **p < 0.001. (G) Biotinylated LGN fragments pulled down in vitro translated Ga isoforms, revealing strong interaction between Gai1 and Gai3 with GPR (orange) and GPR1 (violet), but not GPRAA (magenta). Inclusion of aluminum fluoride to the binding buffer (striped columns) eliminated the binding. Shown are averages 6 SD of the relative binding (calculated by the recovered radioactivity normalized to the estimated input counts) of radiolabeled Ga subunits to immobilized GPR proteins, for Gai1 and Gai3 (two to three experiments each). Only one set of data are shown for Gao A , with weak but measurable binding for GPR and GPR1, but not for the GPRAA mutant.
control, we confirmed the FRET between donor and acceptor by showing that bleaching YFP-LGN, but not YFP in control cells, caused the mCFP-Gai3 fluorescence to increase by 21% 6 5% (n = 3) ( Figure S5A ). Similarly, the mCFP-Gai3 and YFP-GPR expressed in hippocampal neurons yielded FRET signals ( Figure S5B ).
LGN in Rat Central Neurons Using rabbit antibodies raised against residues 432-462 within the linker between TPR and GPR domains, we stained hippocampal neurons in culture and found immunoreactivity in the soma and dendrites that express the dendritic marker MAP2 ( Figure 5A ), as reported (Sans et al., 2005; Satoh et al., 1999) . Compared to the primarily intracellular distribution of Gai2, Gao appeared to be associated with the plasma membrane and showed less obvious overlap with LGN ( Figure 5B ). However, Western analysis revealed that rat forebrain membranes contained about 50% of the total LGN protein. We therefore conducted coimmunoprecipitation experiments. Using antibodies specific for LGN or Gai2 to isolate complexes from the rat brain membranes, we found that antibodies against Gai2 immunoprecipitated LGN together with Gai2 in duplicate experiments ( Figure 5C ). The LGN antibodies did not bring down Gai2, which indicates that they cannot access the epitope when LGN is associated with Gai2.
LGN also failed to coimmunoprecipitate with Gao, GIRK1, GIRK2, or GPCRs such as b1 adrenergic receptor, mGluR1, and GABA B R1a (data not shown). To control for the possibility that antibodies against LGN and Gao could only recognize these proteins when they are not associated with one another, we expressed in HEK293 cells Myc-tagged Gao A or Gai2 together with YFP-GPR and used antibodies against the Myc tag for immunoprecipitation, revealing that YFP-GPR coimmunoprecipitated with Gai2 but not Gao A ( Figure S6 ). Similar to previous studies showing that the AGS3 fusion protein can pull down Gai but not Gao from rat brains (Bernard et al., 2001) , LGN exhibited detectable association with Gai but not Gao in our coimmunoprecipitation studies, probably because it associates with Gai more strongly than Gao ( Figure 2G ) (McCudden et al., 2005) . Our observations are also in agreement with a recent report finding Gai and Gao (Gai/o) primarily in rat brain membrane fractions and coimmunoprecipitation of LGN using antibodies to Gai/o (Sans et al., 2005) .
Increased LGN Expression Alters the Resting Potential and Neuronal Excitability
In hippocampal neurons that were 3-4 weeks in culture and 35-48 hr following infection with the control Sindbis When either the GPR domain or the Ga protein was missing, the fluorescence intensity ratio was significantly different, with a significantly lower mean intensity of the YFP-tagged proteins near the plasma membrane. viral construct coding for YFP, GABA B receptor-induced GIRK current significantly reduced neuronal excitability. The GABA B receptor agonist baclofen reduced the number of action potentials induced by 400 ms current pulses, from 13.6 6 2.4 (34 6 7 Hz) to 7.6 6 2.4 (24 6 6 Hz) (n = 9, p < 0.005), and decreased the action potential amplitude from 42 6 6 mV to 37.3 6 3 mV (p < 0.05) ( Figure 6A ). The threshold for action potential generation (245 6 2 mV, n = 11) was not significantly altered. This reduction of neuronal excitability was accompanied by GABA B receptor-induced hyperpolarization; baclofen increased the resting potential by 3.1 6 0.8 mV, from -64.5 6 1.8 mV to -67.4 6 2.8 mV (n = 13, p < 0.05) ( Figure 6C ).
We found that neurons expressing YFP-LGN exhibited a tenfold reduction in the number of action potentials compared to control neurons expressing YFP, to 1.6 6 1.4; GABA B receptor activation further reduced the excitability ( Figure 6B ). As reported previously (Luscher et al., 1997) , basal GIRK channel activity contributes to the resting potential. The resting potential of neurons expressing YFP-LGN (271.6 6 0.5 mV) was 5 mV more negative than that in control neurons expressing YFP (266.5 6 1 mV) (n = 20, p < 0.001) ( Figure 6C ). This difference in resting potential was obliterated by the GIRK channel blocker tertiapin (Bichet et al., 2004 ) (-65.1 6 0.9 mV in neurons expressing YFP-LGN and -64.7 6 0.9 mV in neurons expressing YFP, n = 14, p = 0.76) (Figures 7A and 7B) . However, the reduction of neuronal excitability in neurons expressing YFP-LGN persisted even in the presence of tertiapin. It thus appears that LGN overexpression not only elevates basal GIRK activity, but also exerts other effects to dampen neuronal excitability.
To examine GIRK currents directly, we performed voltage-clamp recording of neurons in the presence of u-conotoxin-GVIA to block N-type calcium channels, TTX to block sodium channels, and NBQX and APV to block glutamate receptors. Application of baclofen (50 mM) w100 mm from the soma for 3 s caused the current induced by a hyperpolarization pulse (from -70 mV to -120 mV) to increase by 0.82 6 0.35 pA/pF in control neurons (n = 15, paired t test, p < 0.05) (Figures 6D and  7E ). This GABA B receptor-induced current was due to GIRK channel activation because it was negligible at membrane potentials above -60 mV, as expected for inwardly rectifying potassium channels, and because it was blocked by tertiapin (120 nM) ( Figure 6D ). We also detected a basal GIRK current (0.35 6 0.11 pA/pF, n = 11, paired t test, p < 0.005), the difference between currents recorded in the presence and absence of tertiapin without the application of baclofen ( Figures 6D and 7D) , and found it to be unaltered by the GABA B receptor antagonist CGP35348 (50 mM) ( Figure 6D ), indicating that this basal GIRK current was not induced by spontaneous GABA release.
As expected from the ability of GABA B receptor activation to reduce excitability of neurons expressing YFP-LGN ( Figure 6B) , baclofen induced GIRK current ( Figure 7E ) and hyperpolarized the resting potential of these neurons by 5.4 6 1.2 mV (n = 5, p < 0.05) (Figure 6C) . To test whether LGN expressed in these neurons was not fully active due to the ability of its TPR domain to prevent its GPR domain from interacting with Ga subunits (Du and Macara, 2004) as well as due to its possible sequestration of LGN, we recorded from neurons infected with viral constructs for YFP-GPR, YFP-TPR, or YFP-TPRlink, since TPR and the adjacent linker peptide are known for their propensity for protein-protein interactions (Blumer et al., 2003; Du et al., 2001; Sans et al., 2005) . YFP-GPR-expressing neurons, like YFP-LGN-expressing neurons, exhibited significantly more hyperpolarized resting membrane potential than control neurons ( Figures 7B and 7C) . Even though the increase in basal GIRK current in these neurons did not reach levels of statistical significance ( Figure 7D ), the significant increase in membrane hyperpolarization was due to elevated GIRK channel activity, because the difference in resting potential was eliminated by tertiapin (Figures 7A and 7B) . Moreover, YFP-GPR expression dramatically reduced the baclofen-induced GIRK current ( Figure 7E ). Whereas YFP-GPR was more effective than YFP-LGN in reducing GABA B receptor-induced GIRK current in hippocampal neurons ( Figure 7E ), YFP-TPRlink expression significantly increased the basal GIRK current ( Figure 7D) ; even though it could not associate with Gai or Gao ( Figures 3B, 3E, 3F , and 4D), the LGN linker region that binds the MAGUK proteins SAP102 and PSD95 (Sans et al., 2005) could conceivably release sequestered endogenous LGN, thereby enhancing its activity. These observations support the notion that LGN sequestration renders it less effective than GPR in modulating GIRK activity.
Next, we examined the functional contribution of LGN endogenous to hippocampal neurons by using the Lenti pseudovirus system to introduce RNAi hairpin with the sequence known to be effective for knockdown of LGN (nucleotides 124-144) (Du et al., 2001) . Cultured neurons at 4 days in vitro were infected with Lenti-GFP or Lenti-GFP LGN RNAi. Fourteen days later, w90% of the neurons expressed GFP ( Figure 8A ). Lenti-GFP LGN RNAi caused a specific reduction of the protein level of LGN LGN from rat brain membrane lysate by affinity-purified rabbit antibodies against LGN, guinea pig antibodies against GABA B R1a, or mouse monoclonal antibody against Gai2, as indicated above the blot, which was probed with rabbit antibodies against LGN (top) or Gai2 and Gai3 (bottom). The 50 kDa IgG band is not shown. but not GIRK2 or a Tubulin ( Figure 8B ) and eliminated the basal GIRK current ( Figure 8D ), thereby abolishing tertiapin sensitivity of the resting potential ( Figure 8C ). Neurons infected with Lenti-GFP or Lenti-GFP LGN RNAi still exhibited baclofen-induced hyperpolarization ( Figure 8C ) and GIRK current ( Figure 8D ). Thus, in hippocampal neurons the endogenous LGN is required for the basal GIRK channel activity, also evident in CA1 pyramidal neurons in hippocampal slices (Chen and Johnston, 2005) .
Interestingly, while acute treatment with tertiapin significantly reduced the resting potential in neurons 3-4 weeks in vitro expressing GFP, LGN, or GPR for up to 2 days ( Figures 7B and 7C) , knockdown of LGN via Lenti-GFP LGN RNAi nearly abolished basal GIRK current but did not significantly alter the resting potential ( Figures 8C and 8D) . We repeated the LGN knockdown experiments using an internal solution with a lower concentration of chloride (130 mM K-gluconate, 17.5 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, 0.2 mM EGTA, 4 mM Mg-ATP, 0.4 mM Na 3 -GTP, pH 7.2), and again observed no significant difference in the resting potential between neurons infected with Lenti-GFP (257.6 6 1.0 mV) and neurons infected with Lenti-GFP LGN RNAi (257.0 6 1.0 mV), suggesting that compensatory effects may have developed over the course of the LGN knockdown (14 days) to maintain the resting potential. We further examined the LGN contribution to neuronal excitability and found that reducing LGN via Lenti-GFP LGN RNAi significantly increased the number of action potentials induced by a 400 ms depolarization (and reduced the threshold), from 9.3 6 1.0 (-33.6 6 1.7 mV) (n = 10) in control neurons infected with Lenti-GFP to 12.9 6 0.9 (-38.9 6 1.5 mV) (n = 13) in neurons infected with Lenti-GFP LGN RNAi (p < 0.05) (Figure 9 ). It remains to showing that basal GIRK channel activity gave significant contribution, or by one-way ANOVA followed by Dunnett test: ** (p < 0.005) showing that YFP-LGN and YFP-GPR caused significantly more hyperpolarized resting potential than that of control neurons expressing YFP. There was no significant difference between these groups of neurons with respect to their resting potential in the presence of tertiapin. (C) The resting potential (average 6 SEM) was significantly hyperpolarized by expressing LGN (black) or GPR (orange) while TPR expression (light blue) showed similar resting potential as control group (white). The tertiapin-sensitive basal GIRK current density (D) and baclofen-induced current density (E) was measured at -120 mV and normalized with membrane capacitance (pA/pF) in neurons expressing LGN or its fragments. *p < 0.005, determined by one-way ANOVA followed by Dunnett test. be determined whether the significant alteration of threshold in neurons subjected to LGN RNAi for 14 days, but not in neurons overexpressing LGN for less than 2 days, is due to compensatory effects that maintain the resting potential of neurons infected with Lenti-GFP LGN RNAi. Both control neurons and neurons with reduced LGN levels still responded to baclofen with a reduction of excitability (Figure 9 ), as expected from their ability to respond to GABA B receptor activation with GIRK channel activation (Figure 8D ).
Discussion
G protein signaling is important for neuronal function (Gilman, 1987) ; its modulation provides a means for the nervous system to make adjustments according to experience (Gainetdinov et al., 2004; Yao et al., 2005) . Our study provides cellular evidence for LGN modulation of neuronal excitability, GPCR-mediated transmitter actions, and basal activity of GIRK channels, a physiological effector of Gbg (Logothetis et al., 1987; Reuveny et al., 1994) . We found the GPR domain of LGN much more effective in modulation of GPCR-induced GIRK current in mammalian cells. Moreover, the effect of LGN or its C-terminal GPR domain on the basal GIRK current was similar to that of the N-terminal TPRcontaining domains-likely due to the ability of these protein interaction domains to release sequestered LGN in mammalian cells.
By comparing the effects of increasing or decreasing LGN expression in different cell types, we have also found some intriguing differences in the LGN effects. Whereas some differences likely reflect different levels of G protein subunits and/or LGN sequestering proteins in these cells, the LGN actions in hippocampal neurons warrant some discussion: in neurons overexpressing LGN, our ability to detect significant changes in the resting potential that are blocked by tertiapin, but not the basal GIRK current, most likely reflects differences in the sensitivity of these measurements. On the other hand, the decrease of excitability due to LGN overexpression is not abolished by tertiapin, indicating that LGN modulates not only GIRK channels but also other molecules that contribute to excitability. The bidirectional effects of LGN are underscored by the absence of basal GIRK current and the increase in excitability in neurons infected with Lenti-GFP LGN RNAi for 2 weeks, which probably have mobilized compensatory mechanisms to maintain the resting potential within the normal range. Whether these or other compensatory changes act in conjunction with the removal of LGN to cause a reduction of threshold remains an open question. It will be of interest to identify those molecules that mediate the LGN regulation of neuronal excitability. It will also be interesting to explore how a reduction of LGN expression may trigger compensatory mechanisms to maintain the normal resting potential.
Which G Protein Signaling Pathways Are Regulated by LGN?
In biochemical studies, LGN and AGS3 show tenfold preference for functional interaction with Gai over Gao (Bernard et al., 2001; De Vries et al., 2000; Kimple et al., 2002b; Ma et al., 2003; Peterson et al., 2000) . To examine G protein specificity of LGN at the functional level, we showed that LGN could modulate signaling mediated by PTX-sensitive G proteins, but not signaling mediated by Gs in Xenopus oocytes. Although both Gi and Go proteins are sensitive to PTX, it is known that Gai1 and Gai3 mediate basal GIRK channel activation in Xenopus oocytes (Peleg et al., 2002) . It thus appears that LGN can modulate Gi-mediated signaling.
To ask whether LGN can also modulate Go-mediated signaling, we used a stable HEK293 cell line expressing the D 2S dopamine receptor, GIRK1, and GIRK2. In these HEK293 cells, similar to the G protein specificity observed in vivo, only Gi/o-coupled receptors activate GIRK channels (Benians et al., 2003; . Moreover, following PTX treatment, only PTX-resistant Gao A , but not the PTX-resistant Gai isoforms Gai1-3, could mediate GIRK channel activation by D 2S dopamine receptors . We found that LGN modulated dopamine receptor signaling that is mediated by Go in these cells. Thus, LGN can modulate signaling mediated by Go as well as Gi.
How Might LGN Modulate GIRK Current? GIRK channels are Gbg effectors that are activated by inhibitory transmitters to dampen excitatory synaptic transmission and reduce excitability of central neurons (Luscher et al., 1997; Seeger and Alzheimer, 2001; Takigawa and Alzheimer, 2002) . By binding Gai-GDP and Gao-GDP and potentially acting as GDI, LGN may promote Gbg dissociation even in the absence of GPCR activation and prolong the lifetime of these active Gbg subunits, thereby enhancing GIRK basal activity. Indeed, we found that LGN function is important for GIRK channel basal activity in hippocampal neurons. Both LGN and GIRK channels are distributed not only along the dendrites but also in the spines (Chen and Johnston, 2005; Drake et al., 1997; Huang et al., 2005; Sans et al., 2005) . LGN regulation of GIRK channels could therefore impact the integration and processing of synaptic inputs as well as excitability.
How might LGN or its GPR domain cause a reduction of GPCR-induced GIRK channel activation? Preferential binding of Ga-GDP to the GPR domain and the GDI activity may result in negative regulation of G protein-GPCR interactions. It is also conceivable that the enhancement of basal GIRK channel activity by LGN results in a reduced pool of GIRK channels for GPCR-mediated activation. Whereas LGN caused a reduction of GABA B receptor-induced GIRK currents in Xenopus oocytes, similar effects could be more readily induced by expressing GPR instead of LGN in HEK293 cells and hippocampal neurons, likely reflecting a capacity for LGN sequestration to sites remote from GPCR in mammalian cells.
How Might Neurons Modulate LGN Activity?
Whether LGN expression is modulated in central neurons is an open question of interest. AGS3, LGN's close relative with 59% sequence identity, is upregulated upon cocaine withdrawal (Bowers et al., 2004) . Given that LGN expression in different brain regions increases while the AGS3 level decreases with postnatal development (Blumer et al., 2003; Sans et al., 2005) , it would be important to explore the possibility of LGN regulation, which could modulate a neuron's steady state excitability as well as its temporal responses to inhibitory transmitters.
What proteins interact with LGN and how such interactions influence LGN distribution is a fertile ground for future studies. The serine/threonine kinase LKB1 linked to Peutz-Jeghers syndrome binds to AGS3, and LKB1 phosphorylation of the GPR domain of LGN and AGS3 hampers GPR interaction with Gai and its ability to inhibit GDP dissociation (Blumer et al., 2003) . In addition to the self interaction between the TPR and GPR domains, the TPR domain of LGN binds the nuclear protein NuMA (Du and Macara, 2004) , and the linker region of LGN binds the MAGUK proteins SAP102 and PSD95 (Sans et al., 2005) . Moreover, the guanine nucleotide exchange factor Resistance to inhibitors of cholinesterase (Ric-8A) can overcome the GDI activity of LGN by dissociating the GPR/Gai-GDP complexes and releasing Gai-GTP (Tall and Gilman, 2005) . The TPR domain of coiled-coil helices is a highly versatile protein-protein interaction domain (Goebl and Yanagida, 1991; Lapouge et al., 2000; Scheufler et al., 2000) , and the TPR domain of LGN has been found to bind Ras (Marty et al., 2003) . It will be important to identify other LGN interacting proteins and examine their involvement in the regulation and sequestration of LGN.
Experimental Procedures

Molecular Biology
The LGN opening reading frame (Mochizuki et al., 1996) was amplified from rat brain first strand cDNA (Clontech, Palo Alto, CA) by polymerase chain reaction and subcloned into pCDNA3 (Invitrogen, Carlsbad, CA) by using EcoRI and NotI sites engineered immediately 5 0 and 3 0 to the coding sequence. For oocyte expression, we used the pGemHE (Liman et al., 1992) or pGemHEm, pGemHE vector with modifications in the linearization linker (Margeta-Mitrovic et al., 2000) .
The pCDNA3, pTracer HIS5a, or pEYFPC1 vector was used for immunoprecipitation, electrophysiology, or FRET assay in mammalian cells.
Deletion mutants were prepared using specific primers in standard PCR reaction with VENT DNA polymerase. All final constructs were verified via sequencing in both directions. We used Fugene 6 (Roche) for HEK293 cells and Lipofectamin 2000 (Invitrogen, Carlsbad, CA) for neuronal culture transfection, and the SinBis system (Invitrogen, Carlsbad, CA) for high expression efficiency.
To reduce endogenous LGN expression, we used the U6 promoter for RNA polymerase III transcription of short RNA oligomers to replace the EF-1a and T7 promoter in the pTracer-EF-His A construct. Hairpin was designed (Paddison et al., 2002) and inserted in the pTracer polylinker between KpnI and XbaI. The antisense sequence used as reverse primer for the U6 promoter was GTGACTAGTCA AAAAAGGTCTTAGTCCCAACTTGAACTACAGCcaagcttc GCTGC AGTTCAAGTTGGAACTGAAGACCGGTGTTTCGTCCTTTCCACAA.
(The underlined sequence is antisense for LGN coding sequence 124-151. The bold and underlined sequence is the U6 promoter sequence in reverse. The bold and capitalized sequence contains C/T mutations for hairpin destabilization. The rest of the bold sequence is the hairpin loop with a Hind III restriction site.) As control Hairpin, the antisense (underlined) region was scrambled (with no more than 15 base pair matches in BLAST search on EST_human and rat databases): GTGACTAGTCAAAAAAGTGCTTTATGTTACATTTAGATCG ATGC caagcttc GCGTCGATCTAGATGTGACATAGAGCAC GGTGT TTCGTCCTTTCCACAA.
To introduce the LGN hairpin RNAi into cultured hippocampal neurons, we used the Lenti pseudovirus expression system (Lois et al., 2002) , kindly provided by Carlos Lois from Caltech. LGN hairpin RNA was introduced to a U6 promoter containing the Lenti viral construct (Dittgen et al., 2004) .
Immunoprecipitation
Membranes from rat forebrain were homogenized by polytron for 45 s in 20 mM HEPES, 1 mM EDTA, and 0.03 mM GDP, then centrifuged at 800 g for 10 min. Supernatant was centrifuged at 10,000 3 g for 20 min to yield the pellet of brain membranes, which was resuspended in lysis buffer for immunoprecipitation. Protein concentration was determined by Bradford assay. After preincubation for 1 hr with 20 ml protein A or protein G agarose beads in the presence of protease inhibitors (Complete, Roche) and 5 min centrifugation at 10,000 g, beads for preclearing were discarded and the lysate containing about 1 mg protein was incubated with 4-6 mg of the indicated antibody for 1 hr. After incubation with protein A or protein G beads for 14 hr, the beads were washed with lysis buffer twice, with washing buffer (250 mM NaCl, 0.1% NP-40, 0.05% deoxycholate, Tris-HCl, pH 7.6) once, suspended in 2 3 SDS sample buffer containing 100 mM DTT, and boiled for 5 min before electrophoresis (10% SDS-PAGE) and Western blot analysis.
Oocytes Recording
Stage V-VI Xenopus oocytes were prepared and maintained as described (Collins et al., 1997) . We injected into each Xenopus oocyte fifty nanoliters of cRNAs prepared by using AmpliScribe T7 kits (Epicentre Technologies, Madison, WI) which contained the following: GIRK1/2 (20 ng/ml each) and GABAB R1a/2 (200 ng/ml each), with or without wild-type or mutant LGN, and Gai3 (20 ng/ml each), 2 days prior to voltage-clamp recording (holding potential was 280 mV).
Oocytes were clamped to -30 mV in ND96 solution (mM): 96 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , and 5 HEPES (pH 7.4). Voltage steps and ramp protocol ranging from -130 to +30 mV were used to determine the current-voltage relationship. To measure GIRK basal activity, currents recorded in ND96 were subtracted off line from currents recorded subsequently in the High-K + solution with 38 mM of NaCl replaced by KCl. GABA-induced currents were obtained by introducing 100 mM of GABA (Research Biochemicals, Natick, MA) to the High-K + solution.
Affinity Analysis by Surface Plasmon Resonance GPR peptides were expressed as C-terminal fusions to maltose binding protein (MBP) linked to an Nterminal peptide sequence (biotag) that serves as a substrate for biotinylation in vivo (Schatz, 1993; Tsao et al., 1996) . Measurements of binding to Gai1 were made at 25ºC on Biacore 2000 (Biacore, Inc., Piscataway, NJ) (Ja and Roberts, 2004) , by immobilizing biotinylated MBP fusion proteins on research-grade streptavidin (SA) sensor chips (Biacore, Inc.), using as running buffer the modified HBS-EP (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% polysorbate 20 (Tween 20), 8 mM MgCl 2 , 30 mM GDP, and 0.05% (w/v) BSA). A concentration series (10, 30, 90, 270, 810 , and 2430 nM) of His 6 -TEV-Gai1, injected for 2 min at a flow rate of 100 mL/min and interspersed with buffer blank injections for double referencing with a negative control surface to minimize the effects of nonspecific binding (Myszka, 2000) , yielded the raw data. The K D values were determined from fitting equilibrium binding data after processing with Scrubber (http://www.cores. utah.edu/interaction/index.php).
Ga Interaction Assay
Biotinylated GPR proteins were assayed for binding to in vitro-translated Ga subunits as described previously (Ja et al., 2005) . Briefly, Ga subunits were expressed in vitro (TNT reticulocyte lysate system, Promega), diluted in binding buffer [25 mM HEPES-KOH at pH 7.5, 5 mM MgCl 2 , 1 mM EDTA, 150 mM NaCl, 0.05% (v/v) Tween 20, 0.05% (w/v) BSA, 1 mM b-mercaptoethanol, and 10 mM GDP], and added to w10 ml of streptavidin-agarose (immobilized NeutrAvidin, Pierce) matrix containing immobilized, biotinylated MBP-GPR fusions (w10 mg immobilized protein). After incubation for 1 hr at 4ºC with rotation, the immobilization matrix was washed extensively with chilled binding buffer and bound proteins were quantified by scintillation counting. Relative binding was calculated (bound cpm divided by input cpm) based on the approximate input protein counts, as determined by trichloroacetic acid precipitation.
HEK293 Cell Recording
Stably transfected HEK293 cell lines expressing GIRK1/2 and D 2S dopamine receptors were used for recording with pipette solution (mM: 107 KCl, 1. .4]). The recording was in a whole-cell patch clamp mode with an Axopatch 200B amplifier (Axon Instruments), with patch pipette resistance of 2.5-4.5 MU. Currents obtained after 5 min equilibration were filtered at 1 kHz and digitized at 5 kHz. Cell capacitance was 12-18 pF and series resistance (5-20 MU) was at least 75% compensated. Drugs were applied in bath solution via an N 2 -pressurized perfusion system (ALA Scientific Instruments). To block endogenous Gi/o protein signaling, 0.5 mg/ml pertussis toxin was applied 1 day after transfection and cells were recorded 18 hr later.
Neuronal Cell Recording
Rat hippocampal neurons, cultured for 3-4 weeks, were infected with Sindbis virus 35-48 hr prior to recording. We recorded wholecell currents from pyramidal shaped neurons. Pipette solution (mM): 140 KCl, 2 MgCl 2 , 1 CaCl 2 , 11 EGTA, 10 HEPES, 2 MgATP, and 0.3 Na 2 GTP (pH 7.2); bath solution (Krebs): 140 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 10 HEPES and 11 glucose (pH 7.4), NBQX (3 mM), AP5 (100 mM), and picrotoxin (20 mM). For GABA B receptor activation, cells were perfused for 3 s with bath solution containing GABA B agonist baclofen (50 mM). For GIRK channel block, cells were perfused for 3 s with bath solution containing tertiapin (120 nM). Except for recording of action potentials in current-clamp mode, TTX (2 mM) was added to bath solution.
Data Analysis
With data acquisition and analysis using a Digidata 1200A interface (Axon Instruments) and the pClamp 8.2 and Microcal Origin 6.0, current amplitudes were averaged over the last 17 ms of each voltage step. All data are presented as mean 6 SE, and current densities are measured at 280 mV (unless otherwise stated). For significant differences involving comparison of more than two groups, oneway ANOVA using Analyze-it (version General 1.71) was followed by Dunnett type-1 error protection test for post-ANOVA determination of significance of each test group relative to control group. Student's t tests were performed to examine statistical significance for pairwise comparison. * and # indicate nonpaired and paired t tests, respectively, with p values as given.
FRET Assay
Forty-eight hours after transfection of HEK293 cells with mCFP-G proteins (o/i3) (Leaney et al., 2002 ) and wild-type or mutant YFP-LGN, FRET was measured at 1003 magnification by taking images at room temperature from five regions near the cell membrane of each living cell with an inverted Nikon microscope attached to a CCD camera (Sensicam, PCO) with a filter wheel (Lambda 10-2, Technical Instruments) including filters (Chroma) for CFP (NS-S430/25X, S470/30M) and YFP (NS-S500/20X, 535/30M) excitation and emission wavelength. Image acquisition by Pro-image+ software (Media Cybernetics) yielded a series of three 12 bit images taken with 1 s intervals (exCFP/emCFP, exCFP/emYFP, exYFP/ emYFP). The fluorescence source was mercury lamp. We used the two build-in filters to reduce the lamp intensity and possible bleaching. Under these conditions, with exposure time <200 ms and 1 s intervals, bleaching was less than 1% after 3 s. In our system, intensities over 3000 in less than 200 ms exposure time indicated very high protein concentration and were therefore not included in the analysis to prevent FRET from diffusion-driven random collision. Intensities less than 300 (before blank subtraction) were also not used for our analyses due to low dynamic range of signal digitization.
In every experiment, controls include separate transfection of either donor (CFP-Ga) or acceptor (YFP-LGN) to determine the contribution of ''bleed through.'' The bleed through factor (Cc,Yy) is the fluorescence intensity measured under conditions for CFP excitation and YFP emission, normalized by the maximum intensity measured for each fluorophore (i.e., ExYFP/EmYFP for YFP fusion proteins and ExCFP/EmCFP for CFP fusion protein). The bleed through coefficients were found to be constant and independent of the protein concentration as seen by the linear dependence of intensities ( Figure S4 ). Additional bleed through coefficients that were acquired in the images using ExYFP/EmYFP for CFP fusion proteins and ExCFP/EmCFP for YFP fusion proteins when expressed alone had values of w0 and were disregarded throughout our analysis.
After background subtraction, images were analyzed with Proimage+ and Microsoft Excel. Prior to FRET determination, the ex-YFP/emYFP image was multiplied by the YFP-protein-specific bleed through factor Yy (w0.28) and the exCFP/emCFP image was multiplied by the CFP-protein-specific bleed through factor Cc (w0.58) to yield two control images in each series. The pseudo-color FRET (Fc) image was generated via pixel-by-pixel subtraction of (exCFP/ emYFP) from the two processed control images, transformed to 32 bit, and normalized to the maximal YFP fluorescence. For FRET quantification, we have sampled the averaged intensity from most of the near plasma membrane areas of the 12 bit Fc image and divided each value with its specific counterpart in the blank subtracted exYFP/emYFP image, yielding the Fc/YFP values.
To further corroborate the fidelity of the FRET results, we also measured FRET using the Leica confocal microscope, its built-in FRET analysis software, and confocal laser photobleaching (Karpova et al., 2003) . Samples after fixation were excited in the CFP range and fluorescence was detected simultaneously for the CFP and YFP ranges. Detection ranges were adjusted such that no bleed through was detected. After the acquisition of the FRET result, samples were exposed to 30 sessions of bleaching for a total of 5 min until >80% of the YFP signal was bleached, and then a second acquisition of FRET was performed. An increase in the CFP signal indicated positive FRET results. Coexpression of EYFP or ECFP was used as control. FRET efficiency was calculated by the formula: FRET Eff = 100% 3 (D post 2 D pre )/D post .
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